ABSTRACT. Reverse transcription loop-mediated isothermal amplification (RT-LAMP) was applied to detection of equine rotavirus. Because equine rotavirus of the single P genotype, P [12] , is predominant in the equine population worldwide, an RT-LAMP primer set was designed to target the genotype P[12] sequence and thus detect equine rotavirus. The detection limit of the RT-LAMP assay was 10 3 copies of viral RNA, whereas that of semi-nested RT-PCR for genotype P[12] was 10 5 copies. The RT-LAMP assay specifically amplified genotype P[12] but did not amplify the other P genotype strains. The RT-LAMP assay did not amplify any pathogens related to equine intestinal disorder other than rotavirus. Using 96 diarrheal stools, the RT-LAMP assay detected equine rotavirus in 58 samples, whereas semi-nested RT-PCR only detected equine rotavirus in 25 samples. The RT-LAMP assay did not detect equine rotavirus with fecal samples collected from nine healthy foals. These results indicate that the RT-LAMP assay is specific for equine rotavirus and more sensitive than semi-nested RT-PCR. Because it is easy to manipulate without the need for a thermal cycler or gel electrophoresis, the RT-LAMP assay should be applicable to diagnosis of equine rotavirus infections in diagnostic laboratories.
Equine rotavirus is a major cause of diarrhea in foals up to 3 months of age [4, 14] . It has two outer capsid proteins, VP7 and VP4, that are independent neutralization antigens. VP7 and VP4 are classified as G (glycoprotein) serotypes by virus neutralization tests and P (protease-sensitive) genotypes using genetic analyses [17] . Six G (G3, G5, G8, G10, G13 and G14) serotypes and five P (P [1] , P [7] , P [11] , P [12] and P [18] ) genotypes have been reported in equine rotavirus [3, 5, 12, 13, 15, 16] . Isolation records of G5 P [7] [12], G13 P [18] [3], G5 (P genotypes are unknown) and G10 P [11] [ 15] , and G8 P [1] strains [16] were reported in the 1980s and/or 1990s, but not thereafter. Only G3 P [12] and G14 P [12] strains are currently considered to be circulating in horse populations in Japan, Australia, Germany, Ireland and the United Kingdom [2, 6, 8, 16, 21] . Equine rotavirus infection has been diagnosed by virus isolation, serological tests and molecular diagnostic methods [1, 7] . Virus isolation and serological tests are not routinely available in diagnostic laboratories because they require a sophisticated technique and take a long time. Molecular diagnostic methods, such as a reverse transcription-polymerase chain reaction (RT-PCR), can provide a result within several hours [6, 8, 9, 21] . However, RT-PCR requires expensive equipment, and this precludes the use of RT-PCR for diagnosis in some laboratories.
A technique called loop-mediated isothermal amplification (LAMP) has been developed as a novel nucleic acid amplification technique [20] . This technique can be applied to detection of RNA genomes by using reverse transcriptase. A reverse transcription LAMP (RT-LAMP) assay needs four primers that recognize six regions of a target genome [20] . An RT-LAMP assay is usually carried out within 60 min under isothermal conditions (60-65C). The reaction time can be reduced when two additional loop primers are added to a mixture [19] . Since the RT-LAMP reaction produces a large amount of amplified product, the result can be judged with the naked eye based on the turbidity or fluorescence of the reaction mixture without expensive equipment or time-consuming post-PCR processing such as gel electrophoresis [18] .
This report describes development of the RT-LAMP assay for detection of equine rotavirus RNA. Because a single P genotype, P [12] , of equine rotavirus appears to be predominant in equine populations worldwide, the RT-LAMP assay was designed to target the genotype P [12] sequence.
The specific primers of the RT-LAMP assay were designed for the VP4 gene of genotype P [12] on the basis of published sequences of FI-14 (GenBank accession number: D13398), HO-5 (AB046471) and JE75 (AB046469) for the G3 P [12] strain and of the CH3 (D25228), FI23 (D16342) and JE77(AB046470) for the G14 P [12] strain. Six primers comprising two outer primers (F3 and B3), two inner primers (FIP and BIP) and two loop primers (loop F and loop B) were designed by using the PrimerExplorer V4 software (Fujitsu Limited, Tokyo, Japan). The details of the primers used for the RT-LAMP assay are listed in Table 1 . The reaction mixture was prepared using a Loopamp Semi-nested RT-PCR was performed with the primers designed to target the VP4 gene of the genotype P[12] strain described by Fukai et al. [9] . The viral RNA was heated at 95C for 5 min and then immediately cooled on ice. The first amplification was performed with primers Con3 and Con2 [10] (Table 1 ) using a OneStep RT-PCR Kit (Qiagen GmBH, Hilden, Germany) according to the manufacturer's instructions. The reverse transcription conditions were 50C for 30 min followed by 95C for 15 min. Amplification was then performed by employing 35 cycles at 94C for 1 min, 45C for 1 min and 72C for 1 min, followed by a final extension at 72C for 10 min. The second amplification was performed with Con3 and P [12] -R [9] (Table 1) using a Fast Cycling PCR Kit (Qiagen GmBH) in accordance with the manufacturer's instructions. The products obtained in the first amplification were diluted 1:100 and used as templates for the second amplification. The amplification conditions were as follows: 95C for 5 min followed by 30 cycles at 96C for 5 sec, 45C for 5 sec and 68C for 20 sec and a final extension at 72C for 1 min. The semi-nested RT-PCR products were kept at 4C until they were analyzed by gel electrophoresis (FlashGel ® System for DNA, Lonza Rockland, Inc., Rockland, ME, U.S.A.).
The specificity of the RT-LAMP assay was tested using the several rotavirus strains and the pathogens related to equine intestinal disorder ( Table 2 ). The JE77, JE81 and JE91 strains were kindly provided by Dr. H. Tsunemitsu, National Institute of Animal Health, Ibaraki, Japan. Equine coronavirus NC99 strain [11] was kindly provided by Dr. J. S. Guy, North Carolina State University, Raleigh, NC, U.S.A. The bacterial isolates were obtained from horses that showed intestinal disorders in the field. Viral RNA was extracted from culture supernatants using a QIAamp ® Viral RNA Mini Kit (Qiagen GmBH), and bacterial DNA was extracted with InstaGene TM Matrix (Bio-Rad Laboratories, Hercules, CA, U.S.A.) according to the manufacturer's instructions. The RT-LAMP assay specifically amplified only genotype P [12] rotavirus strains but did not amplify the other P genotype rotavirus strains. The RT-LAMP assay did not amplify any viral or bacterial pathogen tested other than rotavirus (Table 2) . With agarose gel electrophoresis, a positive RT-LAMP reaction displayed a ladder pattern with many bands of different sizes. To confirm the specificity of the RT-LAMP reaction, the RT-LAMP products were digested by Ban II (Takara Bio Inc., Shiga, Japan), which recognizes a single site in the target sequence. The digested products of two bands with the expected lengths (approximately 200 and 90 base pairs) were observed by gel electrophoresis (data not shown).
To evaluate the analytical sensitivity of the RT-LAMP assay and semi-nested RT-PCR, control RNA was synthesized as follows. A DNA fragment including part of an equine rotavirus VP4 gene was generated from viral RNA prepared from the HO-5 strain by RT-PCR using the primer set of VP4U (5'-GGCTATAAAATGGCTTCTCT-3') [21] and Con2 (Table 1 ). VP4U targets the 5' end sequence of the VP4 gene (Genome position: 1-20, see footnote to Table  1 ). The amplified DNA fragment was subcloned into the plasmid pCR4 a) Genome position according to the equine rotavirus strain HO-5 (Genbank Accession number AB046471).
Kit (Qiagen GmBH). The plasmid was linearized using Spe I (Toyobo Co., Ltd., Osaka, Japan), and RNA was synthesized by T7 polymerase (Roche Diagnostics GmBH, Mannheim, Germany). The RNA was treated with DNase I (Roche Diagnostics GmBH) and concentrated by ethanol precipitation. The copy number of the RNA was calculated from the absorbance value at 260 nm. A 10-fold serial dilution of control RNA (10 6 to 10 0 copies) was prepared to determine the analytical sensitivities of the RT-LAMP assay and semi-nested RT-PCR. The results indicated that the detection limit of the RT-LAMP assay was 10 3 copies, and that of semi-nested RT-PCR was 10 5 copies (Fig. 1) . The RT-LAMP assay proved to be 100 times more sensitive than semi-nested RT-PCR. There is no difference between the sensitivity of the RT-LAMP assay obtained when monitoring with a turbidimeter or by visual observation (Fig. 1) .
To evaluate the diagnostic sensitivity and specificity of the RT-LAMP assay, a total of 105 fecal samples were tested for the presence of equine rotavirus using both the RT-LAMP assay and semi-nested RT-PCR. Ninety-six fecal samples were collected from Thoroughbred foals with diarrhea in 2007 and 2008 in the Hidaka district of Hokkaido, Japan, where over 80% of Japanese Thoroughbred foals are bred. Nine fecal samples were collected from healthy Thoroughbred foals in 2010 at the Breeding & Training Research Center, Hidaka Training Farm, Japan Racing Association. Viral RNA was extracted from the fecal samples using a QIAamp ® Viral RNA Mini Kit (Qiagen GmBH). As a result, 58 and 25 samples, respectively, were found to be positive by the RT-LAMP assay and semi-nested RT-PCR using 96 diarrheal stools. The RT-LAMP assay was able to detect equine rotavirus in 33 additional samples that tested negative when using seminested RT-PCR (Table 3) . Because these 33 RT-LAMP products were specifically digested by Ban II, these RT-LAMP products were confirmed to be the amplicons of equine rotaviruses. Using nine fecal samples collected from healthy foals, no sample was found to be positive by the RT-LAMP assay or semi-nested RT-PCR. These results indicate that the RT-LAMP assay for equine rotavirus is very sensitive and specific and can detect equine rotavirus from clinical samples. The present study shows that the RT-LAMP assay can detect equine rotavirus of genotype P [12] which is predominant in the world. Compared with semi-nested RT-PCR, the RT-LAMP assay is a fast and sensitive tool for clinical molecular diagnosis of equine rotavirus. Because it provides ease of manipulation without the need for a thermal cycler or gel electrophoresis, the RT-LAMP assay should be applicable to laboratory diagnosis of equine rotavirus infections. 
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